DNA transfer by particle bombardment makes use of physical processes to achieve the transformation of crop plants. There is no dependence on bacteria, so the limitations inherent in organisms such as Agrobacterium tumefaciens do not apply. The absence of biological constraints, at least until DNA has entered the plant cell, means that particle bombardment is a versatile and effective transformation method, not limited by cell type, species or genotype. There are no intrinsic vector requirements so transgenes of any size and arrangement can be introduced, and multiple gene cotransformation is straightforward. The perceived disadvantages of particle bombardment compared to Agrobacterium-mediated transformation, i.e. the tendency to generate large transgene arrays containing rearranged and broken transgene copies, are not borne out by the recent detailed structural analysis of transgene loci produced by each of the methods. There is also little evidence for major differences in the levels of transgene instability and silencing when these transformation methods are compared in agriculturally important cereals and legumes, and other non-model systems. Indeed, a major advantage of particle bombardment is that the delivered DNA can be manipulated to influence the quality and structure of the resultant transgene loci. This has been demonstrated in recently reported strategies that favor the recovery of transgenic plants containing intact, singlecopy integration events, and demonstrating high-level transgene expression. At the current time, particle bombardment is the most efficient way to achieve plastid transformation in plants and is the only method so far used to achieve mitochondrial transformation. In this review, we discuss recent data highlighting the positive impact of particle bombardment on the genetic transformation of plants, focusing on the fate of exogenous DNA, its organization and its expression in the plant cell. We also discuss some of the most important applications of this technology including the deployment of transgenic plants under field conditions.
Introduction
Direct transfer methods for plant transformation rely entirely on physical or chemical principles to deliver DNA into the plant cell. Several different direct DNA transfer methods have been described, including particle bombardment (Klein et al. 1987; Christou et al. 1992) , microinjection (Crossway et al. 1986 ), transformation of protoplasts mediated by polyethylene glycol or calcium phosphate (Negrutiu et al. 1987; Datta et al. 1990 ) electroporation (Shillito et al. 1985; Fromm et al. 1986 ) and transformation using silicon carbide whiskers (Frame et al. 1994) . Among these methods, particle bombardment has been used the most widely for generating commercial transgenic crops, and the delivery of transgenes into embryonic tissues by particle bombardment remains the principle direct DNA transfer technique in plant biotechnology (James 2003) .
Several investigators have recently suggested that particle bombardment will inevitably be supplanted by transformation methods using the soil bacterium Agrobacterium tumefaciens and its relatives, at least for the production of commercial genetically enhanced crops (Gelvin 2003; Tzfira and Citovsky 2003; Valentine 2003) . The subject of genetically enhanced crops has ignited an intense, polarized and often hostile debate in many countries, with emotive issues taking the lead over scientific rigor and common sense. Agrobacterium spp., as natural conduits for gene transfer between bacteria and plants, are regarded by some as more 'natural' than direct transfer methods, and therefore more acceptable (Verhoog 2003) . There is also a widely-held belief that Agrobacterium-mediated transformation is more precise, more controllable and therefore 'cleaner' than particle bombardment, but this axiom does not stand up to close scrutiny (especially in nonmodel plant systems). There have been many reports of vector backbone co-transfer by A. tumefaciens (e.g. see Ramanathan and Veluthambi 1995; van der Graaf et al. 1996; Kononov et al. 1997; Wenck et al. 1997; McCormac et al. 2001; Popelka and Altpeter 2003a) and it is clear, in the light of recent innovations, that particle bombardment allows much more precise control over transgene structure (Altpeter et al. , 2004a Fu et al. 2000; O'Kennedy et al. 2001; Smith et al. 2001; Twyman et al. 2002; Datta et al. 2003; Kim et al. 2003; Popelka et al. 2003; Romano et al. 2003a) .
In this article, we present recent data from the authors' laboratories, which clearly demonstrate the suitability of particle bombardment for the precision engineering of a variety of plants, producing genetically enhanced varieties of crops (not just model plants such as Arabidopsis thaliana and tobacco) with stable and high level transgene expression (Taylor and Fauquet 2002) . We discuss the versatility of particle bombardment as a transformation strategy and highlight recent advances showing how it is being applied to generate transgenic plants with a variety of enhanced and improved characteristics. Searching the Web of Science literature database for citations of particle bombardment in plants reveals 149 hits between 1987 and 1995, nearly 
Particle bombardment facilitates a wide range of transformation strategies
Genetic transformation occurs in two stages: DNA transfer into the cell followed by DNA integration into the genome. The integration stage is much less efficient than the DNA transfer stage, with the result that only a small proportion of the cells that initially receive DNA actually become stably transformed. In the remaining cells the DNA enters the cell and may be expressed for a short time (transient expression), but it is never integrated and is eventually degraded by nucleases. Transient expression occurs almost immediately after gene transfer, it does not require the regeneration of whole plants, and it occurs at a much higher frequency than stable integration. Therefore, transient expression can be used as a rapid assay to evaluate the efficiency of direct DNA transfer and to verify the function of expression constructs. Indeed, transient expression following particle bombardment with a reporter gene such as gusA or gfp is used routinely to compare different expression constructs and identify those with the most appropriate activity. Where the aim is to extract recombinant proteins from transgenic plants, transient expression following particle bombardment may also be used to produce small amounts of protein rapidly for testing .
Although particle bombardment can be used for transient expression studies, most publications and patents that cite the method concentrate on its potential for stable transformation, which is discussed in more detail below. In this context, the technique also demonstrates considerable versatility, since in addition to nuclear transformation it permits the transformation of plastids, a process that cannot be achieved with Agrobacterium spp. because the T-DNA complex is targeted to the nucleus. Furthermore, particle bombardment is thus far the only technique that can be used for mitochondrial transformation (Johnston et al. 1988) , although this has yet to be achieved in higher plants.
Particle bombardment is also useful in transformation strategies involving plant viruses. Hoffman et al. (2001) have used particle bombardment for the mechanical transmission of poleroviruses, and particle bombardment is routinely employed for the inoculation of whole plants and leaf tissues with viruses that are difficult to introduce via conventional mechanical infection. The Biolistic and Helios systems can be used to circumvent the need to maintain virifilous populations of insect vectors, allowing direct introduction of infectious viral nucleic acids into a range of plant species (Briddon et al. 1998; Garrido-Ramirez et al. 2000; Chakraborty et al. 2003 ). An attractive feature of such systems is the flexibility by which co-infections can be achieved with different viral species and genomic components, generating a powerful tool for investigating mechanisms of pathogenicity and host resistance. In a recent report, particle bombardment was utilized both to produce transgenic cassava plants and to challenge them by simultaneous inoculation with two species of geminiviruses (Chellappan et al. 2005) . Particle bombardment also has an important role to play in extending virus-induced gene silencing (VIGS) into economically important crop plants (Fofana et al. 2005) .
Particle bombardment has no biological constraints or host limitations
One of the major advantages of particle bombardment is that it does not rely on the biological limitations of any single group of microorganisms. Consequently, the technique facilitated major advances in the transformation of several broad categories of plant species in the early 1990s, including the cereals (which were almost entirely intractable to Agrobacterium-mediated transformation until about 1997). Even today, Agrobacterium-mediated transformation of cereals, legumes and other species outside the classical host range -i.e. A. thaliana and many solanaceous plants -is generally only suitable for a limited range of genotypes. Particle bombardment overcomes these boundaries by exploiting physical principles to introduce the DNA into the plant cell, and then relying on factors that are common to all plants (i.e. DNA repair mechanisms) to enable stable transgene integration. Furthermore, particle bombardment protocols are now also available for filamentous fungi (Hazell et al. 2000; Harrier and Millam 2001) , edible mushrooms (Sunagawa and Magae 2002) and even human cell lines (Zhang et al. 2002) . For stable transformation and the recovery of transgenic plants, particle bombardment is restricted only by the requirement to deliver DNA into regenerable cells. By removing almost all the incidental biological constraints that limit other transformation methods, particle bombardment has facilitated the transformation of some of the most recalcitrant plant species.
As examples, we consider the transformation of rice and wheat, which have a large number of diverse cultivars. A genotype-independent method for rice transformation was originally reported by Christou et al. (1991) and has been widely used throughout the world. Researches at the International Rice Research Institute, The Philippines, have used particle bombardment successfully to transform over 20 different cultivars adapted to different eco-geographic conditions. These cultivars have been transformed with a range of agronomically important genes, confirming the genotype-independence of the transformation method (Table 1) . Similarly, a less genotype-dependent method for wheat transformation by particle bombardment was reported by Altpeter et al. (1996a) and has been successfully used to transform 10 different wheat cultivars (Altpeter et al. 1996b; Varshney and Altpeter 2001) . Inevitably, for most species there are varietal differences in the frequency with which transformed plants can be recovered after bombardment, since this depends on the efficiency with which adventitious shoots can be initiated on the explants. However, the method remains extremely versatile, generating transformants with relative ease for a wide range of cultivars in a wide range of species.
Diverse cell types can be targeted efficiently for foreign DNA delivery Particle bombardment does not depend on any particular cell type as long as the DNA can be introduced into the cell without killing it. The production of transgenic plants from transformed cells depends only on the ability of such cells to exhibit totipotency under the culture conditions employed. In this context, particle bombardment is superior to other transformation methods because both single cells and organized tissues can be used as transformation targets, and conditions can be chosen to target superficial cells or cells residing in deeper layers in organized tissues, allowing the transformation of cell types that have traditionally been difficult to reach, such as dividing cells in the apical meristem.
A wide variety of cell and tissue explants have been utilized for particle bombardment, although as a general guide such explants should contain a large proportion of healthy and easily regenerable cells, preferably enriched with cells approaching nuclear division. Examples include embryos excised from seeds, shoot apices, excised discs from young leaves, callus tissue, microspores and immature pollen grains. In rice, the range of suitable tissues includes immature embryos (7-8 days after anthesis), embryogenic callus derived from either immature embryos or mature seeds, and suspension culture cells Tu et al. 1998a, b; Baisakh et al. 2001) . Transient expression has even been achieved using the intact immature seed endosperm following bombardment with a vector carrying the gusA reporter gene (Grosset et al. 1997; Clarke and Appels 1998) . Onion embryogenic callus and mature embryos, and carrot hypocotyls have likewise been transiently transformed after delivering constructs containing gfp or gusA. For potato transformation, even non-embryogenic tissues (i.e. nodes, leaves and microtubers) have been shown to be suitable targets for both transient expression and stable transformation by particle bombardment in different cultivars (Romano et al. , 2003b Romano et al. 2005) . This indicates that both undifferentiated cells and well-differentiated, organized tissues are amenable to this method of transformation. It should be noted, however, that such explants are not necessarily equally efficient in their response. Transformation efficiency also Narayanan et al. (2002 Narayanan et al. ( , 2004 and Tu et al. (1998b Tu et al. ( , 2000a depends upon the regeneration capacity and the efficiency of selection, which in turn depends upon how different explants are handled. In most crops, selection is based on the use of antibiotics or herbicides, but chemical selection is not always necessary. In cassava, the luc gene was used to select plants containing an antisense gbssI transgene, which was expressed stably after 4 years. In wheat (Permingat et al. 2003) and rye (Popelka et al. 2003) embryogenic tissues were bombarded with only the primary transgene of interest, and regenerated plants were screened by PCR for the integrated transgene (present in 2% and 1.6% of the plants, respectively). The efficiency of particle bombardment can thus be high enough to dispense with marker genes all together. The ability to transform diverse cell types by particle bombardment facilitates a broad range of applications that are difficult or impossible to achieve by other transformation methods. This is critical when the rapid analysis of large numbers of constructs in a specific tissue or cell type is required. The analysis of endosperm-specific promoters is an example of such a challenge. Transient expression studies using callus tissue, for example, provide no useful information about construct activity in the endosperm. On the other hand, the production of mature seeds from transgenic plants for promoter analysis in the endosperm is laborious and time-consuming. Furthermore, the expression profiles for each construct in transgenic plants can be misleading if the numbers of transgenic plants subjected to analysis are limited and position effects are significant. Hwang et al. (2001) used particle bombardment to transform immature rice endosperm 7-9 days after pollination. Transient expression was then used to evaluate endosperm-specific promoter activity and the effect of transcriptional activators (Hwang et al. , 2002 Yang et al. 2001 ). The conclusions from these studies were later confirmed using transgenic plants. Extremely high levels of recombinant protein expression (30-50% total soluble protein or 0.5-1% rice endosperm mass) were achieved in these experiments (Yang et al. 2001; Huang et al. 2002; Nandi et al. 2002; Yang and Huang unpublished data) .
The lack of cell type dependence also allows particle bombardment to be used in the study of subcellular trafficking and storage protein deposition. This is another example of how transient expression can be used to provide data rapidly and inexpensively without the need to regenerate transgenic plants. Drakakaki et al. (2000) studied bombarded tobacco and rice callus and leaf material by electron microscopy to investigate in detail the deposition of recombinant proteins within the cells of these tissues. The same subcellular localization was later confirmed in the leaves of transgenic plants showing that the results obtained from transient expression assays could be extrapolated to transgenic plants. This strategy is feasible in all target tissues where a sufficient proportion of cells can be transiently transformed by bombardment, and has been demonstrated in species and tissues that are not amenable to agroinfiltration (transient transformation by vacuum infiltration with A. tumefaciens -a technique that can only be applied in leaves and other tissues with large spaces between cells).
Vectors are not required for particle bombardment
The exogenous DNA used in transformation experiments typically comprises a plant expression cassette inserted in a vector based on a high-copynumber bacterial cloning plasmid. Neither of these components is required for DNA transfer, and only the expression cassette is required for transgene expression. The vector backbone is therefore superfluous. The vector backbone typically includes a bacterial origin of replication and selectable marker, allowing the expression cassette to be cloned in Escherichia coli. The expression cassette typically comprises a promoter, open reading frame and polyadenylation site that are functional in plant cells, although other components may be present, such as a protein targeting signal. Once this plasmid has been isolated from the bacterial culture, it is purified and used directly as a substrate for transformation.
In Agrobacterium-mediated transformation, the transgene must be placed between T-DNA repeats, and further sequences such as overdrive and transfer enhancer may be required for efficient DNA delivery. There are no such biological constraints in particle bombardment and no vector DNA sequences are required for delivery. During Agrobacterium-mediated transformation, the T-DNA is naturally excised from the vector during the transformation process. This frequently, although not always, prevents the integration of vector backbone sequence into the plant genome (Fang et al. 2002; Popelka and Altpeter 2003a) , necessitating time-consuming sequence analysis of transgene insertion sites following Agrobacteriummediated gene transfer.
In contrast, particle bombardment involves no such processing. Cloning vectors are used in particle bombardment for convenience rather than necessity. Consequently, Fu et al. (2000) devised a clean DNA strategy in which all vector sequences were removed prior to particle loading. A standard plasmid vector was used to clone the plant expression cassette and transgene of interest in bacteria, and then the cassette was excised from the plasmid and purified by agarose gel electrophoresis. This minimal, linear cassette was then used to coat the metal particles and carry out transformation. The results were interesting because, as well as proving that transformation and subsequent transgene expression were possible using minimal cassettes, the resulting transgenic plants showed much simpler integration patterns and lower transgene copy numbers than plants transformed with equivalent constructs in their source plasmids. These results have been confirmed in subsequent studies with agronomically useful genes and multiple cassettes, as discussed in the next section (Breitler et al. 2002; Loc et al. 2002; Romano et al. 2003a; Romano et al. 2005) .
Particle bombardment facilitates simultaneous multiple gene transformation
Cotransformation is the simultaneous transformation of a plant cell with two or more transgenes. Multiple gene transfer to plants is necessary for sophisticated genetic manipulation strategies, such as the stacking of transgenes specifying different agronomic traits, the expression of different polypeptide subunits making up a multimeric protein, the introduction of several enzymes acting sequentially in a metabolic pathway or the expression of a target protein and one or more enzymes required for specific types of post-translational modification. Although this can be achieved by single gene transformation followed by the crossing of plant lines carrying different transgenes, it is much quicker and more straightforward to introduce all the necessary genes simultaneously. Furthermore, for some agronomically important crops like potato and cassava, the high level of heterozygosity in the species makes crossing approaches difficult and time consuming. Particle bombardment is the most convenient method for multiple gene transfer to plants since DNA mixtures comprising any number of different transformation constructs can be used, with no need for complex cloning strategies, multiple Agrobacterium strains or sequential crossing. Many studies describe successful integration of two or three different transgenes, in addition to the selectable marker, into plants by particle bombardment, and the maximum reported to date is 13 (Chen et al. 1998) . Wu et al. (2002) examined the co-transformation of rice with nine transgenes via particle bombardment and documented the levels of transgene expression. They found that nonselected transgenes were present along with the selectable marker in about 70% of the plants, and that 56% carried seven or more genes. This was much higher than expected given the independent integration frequencies, agreeing with a model proposing that the integration of one gene into a specific locus in the rice genome could mediate the insertion of other genes into the same locus (Kohli et al. 1998 ). This phenomenon is important when large numbers of genes are considered, since a much larger transgenic population would be required if each integration event were independent. Wu et al. (2002) also found that all the nine transgenes were expressed, and that the expression of one gene was independent of each other. These findings are extremely useful in designing multiple plasmid transformation experiments such as those required for plant metabolic engineering.
Gene transfer by particle bombardment has also been used simultaneously to introduce three coat protein genes from the same virus to generate rice plants with pyramidal resistance against a single pathogen (Sivamani et al. 1999) . Similarly, Maqbool et al. (2001) have shown how the same transformation strategy can provide pyramidal insect resistance in rice. Datta et al. (2003) have succeeded in the development of Golden indica rice lines containing four genes, i.e. those required to extend the existing carotenoid metabolic pathway (psy, crtI and lcy) in addition to the selectable marker gene, either phosphomannose isomerase (pmi) or hygromycin phosphotransferase (hpt). All the genes in the metabolic pathway were shown to function coordinately to produce b-carotene in the endosperm, revealed by the yellow color of the polished rice seed. Capell and colleagues have also used particle bombardment to engineer a complex metabolic pathway, and have created a diverse range of rice germplasm with various genes in the polyamine biosynthetic pathway either over-expressed or suppressed through antisense mechanisms (Capell et al. 1998 Bassie et al. 2000a, b; Noury et al. 2000; Lepri et al. 2001; Thu-Hang et al. 2002; Trung-Nghia et al. 2003) . Most recently, they have used the data from these numerous lines to synthesize a uniform model of polyamine regulation in plants, based on the simultaneous measurement of endogenous and heterologous gene expression, enzyme activities and polyamine levels (Capell et al. 2004 ). Huang and colleagues Huang 2004 ; Huang unpublished data) engineered the phenylpropanoid pathway to produce plant lignans in rice endosperm. Long-term studies have shown that plant lignans may prevent the major hormone-dependant cancers, colon cancer and coronary heart disease. To elevate plant lignans in transgenic rice endosperm, the rice glutelin-1 promoter was linked to four genes involved in the biosynthesis of plant lignans and the four constructs were co-introduced by particle bombardment. Over 50% of the resulting transgenic plants contained all four genes, and in most of these plants the seeds produced higher lignan levels than controls. Lignans are present in non-transgenic rice endosperm tissue at levels lower than 1 pg mg À1 , and a 50-fold increase was achieved in the best-performing transgenic grains (Huang, unpublished data) . Romano and colleagues synthesized polyhydroxyalkanoates (PHAs) in transgenic potatoes by simultaneously introducing the phaG and phaC genes encoding acyl-CoA transacylase and PHA polymerase along with the neomycin-phosphotransferase selectable marker in three separate constructs (Romano et al. 2005) . In cassava (Raemakers et al. unpublished results) two genes involved in the starch biosynthetic pathway were silenced via cotransformation with antisense constructs, with the aim of producing high-amylose starch.
In addition to applications in metabolic engineering and multi-gene resistance strategies, the direct transfer of multiple genes has also become a practical strategy for generating crops that produce multimeric proteins. For example, Nicholson et al. (2005) have produced full sized multimeric antibodies in transgenic plants. These proteins comprise at least two components, the heavy and light chains, but more complex antibody forms such as secretory antibodies (sIgA) also require a joining chain and a secretory component. In order to produce such molecules in transgenic plants, all four components must be produced simultaneously in the same host cell. Transgenic tobacco plants have been generated expressing such secretory antibodies by the laborious process of individual transformation by A. tumefaciens followed by successive rounds of sexual crossing to stack all four transgenes in the same plant line (Ma et al. 1994) . In contrast, Nicholson et al. (2005) have simultaneously delivered all four genes, together with a fifth gene encoding a selectable marker, into rice by particle bombardment. Numerous independent transgenic rice plants were recovered from such cotransformation experiments, and lines expressing various combinations of the recombinant immunoglobulin components were identified. Fifteen combinations of integrated transgenes were recovered, only three of which should have the potential to produce a protein with antigen-binding potential: monomeric IgA (heavy and light chains only), dimeric IgA (heavy and light chains with joining chain) and secretory IgA (all four components). From a representative population of 64 transgenic rice lines studied in depth, 12 lines (19%) expressed all four immunoglobulin components in addition to the selectable marker, while dimeric IgA was detected in three further lines (5%) and monomeric IgA was detected in one line (2%). These data suggest that, where multiple transgenes are involved, multi-gene transformation is favored over single gene transformation.
The engineering of improved bread-making quality in rye also requires multigene transformation, in this case the introduction of multiple highand low-molecular-weight glutenin subunit genes. These subunits support the formation of gluten, the largest known protein polymer, which forms a continuous proteinacious network during dough mixing, thus affecting dough strength and bread loaf volume. Transgenic rye plants have been produced by particle bombardment with several glutenin subunit genes. The stable expression of between one and three glutenin subunits at levels up to 16% of the total extracted rye flour protein has a dramatic effect on storage protein polymerization and end use properties (Altpeter et al. 2004b) . This is an important step towards improving bread-making properties of rye while conserving its superior stress resistance. Transgenic wheat plants produced by particle bombardment, and expressing high-molecular-weight glutenin subunits under field conditions, have also been reported (Altpeter et al. 1996b; Vasil et al. 2001) .
One of the most interesting recent developments of particle bombardment is the combination of multiple gene transfer and clean DNA techniques, i.e. the simultaneous transfer of multiple gene cassettes into rice plants. The original report by Fu et al. (2000) provided preliminary evidence that cotransformation with two separate cassettes encoding the marker genes gusA and hpt was at least as efficient as cotransformation with whole plasmids, and at the same time preserved the simpler integration patterns observed for the single-cassette transformants. These results were confirmed using the yfp (yellow fluorescent protein) and hpt markers by Breitler et al. (2002) , who noted that concatemers were formed only rarely in such plants. Loc et al. (2002) used the cassette strategy to introduce three genes into rice plants, the marker gene hpt and (for the first time) two genes of agronomic importance -gna encoding the Galanthus nivalis agglutinin (a lectin that is toxic to homopteran insect pests) and cry1Ac encoding a Bacillus thuringiensis (Bt) endotoxin, which is active against lepidopteran pests. As above, these investigators noted that the cassette transformation method was at least as efficient as wholeplasmid transformation, but that the former resulted in higher levels of recombinant protein.
Most recently, Agrawal et al. (in press ) have carried out particle bombardment with five separate marker gene cassettes (gusA, bar, hpt, luc and as). The cassettes were shown to be very efficient substrates for multi-transgene cotransformation, with all transgenic plants containing at least two transgenes and 16% containing all five. The total number of different transgenes introduced into the plants showed a near normal distribution and about 75% of the plants had simple transgene integration patterns with a predominance of single-copy insertions. The expression levels for all transgenes, and the overall coexpression frequencies, were much higher than previously reported in whole plasmid transformants generated either by particle bombardment or Agrobacterium-mediated transformation. In the vast majority of lines these high expression levels were stable over several generations. Similarly, Romano et al. (2003a) showed that while 17 and 45% of potato plants bombarded with three plasmids (containing a selectable marker and two non-selected genes) were co-transformed with two and three genes, respectively, 75% of plants bombarded with multiple cassettes were co-transformed.
The structure of transgenic loci and the impact on transgene expression Transgene integration, mediated by either A. tumefaciens or particle bombardment, is a random process that appears to correlate with the position of naturally occurring chromosome breaks. Transcriptionally active regions of the genome are favored, particularly the sub-terminal regions of the chromosomes, perhaps because the DNA is more accessible in these areas. It is possible, although still a matter of speculation, that further breaks may be caused by particle bombardment since the microprojectiles may shear the ends of DNA loops in the nucleus (Abranches et al. 2000; Kohli et al. 2003) . This may go some way to explaining the relative efficiency of bombardment in terms of stable transformation compared to other techniques.
It is a widely held belief that particle bombardment produces large, multi-copy, and highly complex transgenic loci that are prone to further recombination, instability and silencing. While it may be true that the delivery of whole plasmids by particle bombardment can lead to an increased proportion of complex transformation events compared to Agrobacterium-mediated transformation (e.g. see Dai et al. 2001 for a direct comparison of the two methods which reached this conclusion), recent experiments have shown that particle bombardment can be tuned to favor the generation of plants with simple transgenic loci containing a small number of intact transgene copies. It should also be emphasized that comparisons between the two methods that have led to this belief did not take into account the frequency with which plasmid backbones are delivered during T-DNA transfer, which significantly reduces the reported frequency of clean events produced by Agrobacterium-mediated transformation (Ramanathan and Veluthambi 1995; van der Graaf et al. 1996; Kononov et al. 1997; Wenck et al. 1997; McCormac et al. 2001; Popelka and Altpeter 2003a) . Even where multiple copies are present, the adage that higher copy numbers correspond to lower expression levels does not stand up to close scrutiny. In rice and potato, for example, we have found that single-copy insertions and multiple insertions can be produced in equal measure even when whole plasmids are used Tu et al. 1998a, b; Romano et al. 2003a ). The multiple copies can exist either as tandem or inverted repeats, with intact or fragmented transgenes. Experience with Golden rice suggests that higher transgene copy numbers correspond to higher expression levels, ultimately leading to more b-carotene production in the endosperm. Bt rice with more than one copy of the transgene also performed well under field conditions against a number of insect pests, indicating that the transgenes were expressed efficiently (Tu et al. 2000b; Ye et al. 2001 ). Similar observations of high expression levels have been reported in transgenic wheat transformed with multiple copies of reporter genes (Stoger et al. 1998) .
Another direct comparison of gene transfer by particle bombardment and Agrobacterium-mediated transformation has been carried out by Altpeter et al. (2004a) . These investigators assessed the transgene integration pattern, plant fertility and stability of transgene expression after vegetative and sexual reproduction was carried out with a large number of independently transformed perennial ryegrass plants. The majority of transgenic lines from both bombardment and Agrobacterium-mediated gene transfer had simple transgene integration patterns with between one and four transgene copies. The plants were fertile and the transgene was stably expressed in sexual and vegetative progenies. Only a small subset (approximately 20%) of the ryegrass lines generated by particle bombardment had very complex integration patterns (between five and 20 transgene copies) while none of the lines generated by Agrobacterium-mediated gene transfer had more than five T-DNA inserts. Gene silencing after sexual reproduction or one year of vegetative reproduction was observed most frequently in the lines with five or more transgene copies, but approximately 50% of these high-copy-number lines stably expressed the transgene (Altpeter et al. 2004a ). These data suggest that both gene transfer systems have a similar potential to produce fertile and stably-expressing transgenic perennial ryegrass lines. Notably, however, the particle bombardment protocol is applicable to a wide range of turf-and forage-type genotypes , while Agrobacterium-mediated ryegrass transformation appears to be limited to a few responsive ryegrass genotypes.
Regarding the issue of transgene copy number and protein expression levels, the data provided by Huang and colleagues (Tu et al. 2000b; Ye et al. 2001) show an interesting counterpoint to the current, seemingly obsessive fascination with low-copy-number transgenic plants. When using rice plants to produce pharmaceuticals and nutriceuticals, the expression level of the recombinant protein is absolutely critical since this dictates the economics of downstream processing. À1 , the cost would increase to $60 and $400 per gram, respectively. The overall value of nutriceuticals is lower than that of pharmaceuticals, making production commercially unfeasible under low expression regimes. Therefore, the level of protein expression is the first criterion for the selection of breeding lines. Our experience shows that, regardless the transformation method, lines selected for high recombinant protein expression levels tend to contain three or more transgene copies. Therefore, despite the pervasive lore in plant biotechnology suggesting that low transgene copy number is required for high-level expression, evidence from the authors' laboratories suggests that the opposite is in fact the case. However, each expression cassette should be intact. The presence of one or more rearranged copies can potentially lead to transgene silencing even if the other copies are intact and functional (Kohli et al. 1999a ).
Multi-copy transgenic plants generated by particle bombardment tend to have all the transgene copies at a single locus, regardless of how many different transformation cassettes have been used. In contrast, Agrobacterium-mediated transformation tends to disperse transgenes to more than one locus. Although the latter allows selectable markers to be segregated, larger populations of plants (or more generations of plants) are required to achieve homozygosity. When transferring the transgenes into a new genetic background via traditional breeding, breeding lines carrying the same gene at multiple loci are more difficult to use than those where all the genes are present at the same locus. In this respect, particle bombardment is advantageous over Agrobacterium-mediated transformation.
In order to address concerns about copy number, transgene organization and transgene silencing, a number of studies have been undertaken to characterize large numbers of transgenic cereal plants transformed by particle bombardment. Very soon after these studies began, it was realized that the key to a better understanding lay in characterizing the transgenic loci in detail, addressing a number of questions such as the following:
• How many transgene copies are integrated?
• In the case of multiple copies, are the copies integrated together or dispersed?
• Are the integrated copies intact, truncated or rearranged?
• Is there any preferential site in the genome for transgene integration?
• How are the transgenes organized at the chromatin level?
• Do transgenes behave differently in different genetic backgrounds?
• What is the cytosine methylation status of expressing and non-expressing transgenes, and of silenced and reactivated transgenes?
• What is the status of expression/silencing at the levels of transcription and translation?
• How stable is the expressed/silenced phenotype and is this status transferred within the plant and from one generation to the other.
Over the last decade, all of the above issues have been addressed and although much still remains to be discovered, a definitive picture of the usefulness of particle bombardment as a tool for effective plant transformation beyond model species has emerged. A two-phase model of transgene integration in rice has been proposed, based on particle bombardment with whole plasmids (Kohli et al. 1998 ). The salient finding was that an array of integrated transgenes, genetically segregating as a single unit, could be interrupted with genomic DNA. This was found to be the case in transgenic rice (Kohli et al. 1999b) oat (Pawlowski and Somers 1998; Svitashev et al. 2000 Svitashev et al. , 2002 Svitashev and Somers 2001; Makarevitch et al. 2003 ) maize (Mehlo et al. 2000) wheat (Abranches et al. 2000; Jackson et al. 2001 ) and potato (Romano et al. 2003b ). These studies made it remarkably clear that transgenes can undergo rearrangements before or during integration into the host genome. Fine resolution characterization of the kind of rearrangements in transgenes (Kohli et al. 1999b ) and at the genomic site of integration (Makeravitch et al. 2003; Sawasaki et al. 1998; Svitashev et al. 2002) revealed similarities with integration mechanisms proposed for Agrobacterium-mediated transformation.
The molecular evidence for transgene organization has been supplemented with physical mapping data using fluorescence in situ hybridization (FISH). Such studies have been carried out mainly in cereals with large nuclei and chromosomes, such as wheat (Abranches et al. 2000; Jackson et al. 2001 ) and oat (Svitashev et al. 2000; Svitashev and Somers 2001) , although there were also experiments in rice (Dong et al. 2001) . Following these studies, Kohli et al. (2003) proposed a hierarchical model of transgene organization:
• Multiple copies of the same or different transgenes often form concatemers prior to integration, without any interspersed genomic DNA. This is particularly evident in whole plasmid transformants, where there are extensive regions of homology interspersed with elements showing strong recombinogenic tendencies.
• Single copies and concatemers integrate in a local cluster, interspersed with short segments (kilobases) of genomic DNA. The cluster can be regarded as a continuance of the same integration event.
• Several clusters may exist separated by megabases of genomic DNA, yet still behave as a single segregating unit at the genetic level.
• Single copies, concatemers and clusters may integrate independently at more than one position, either on the same chromosome or on different chromosomes, and hence segregate as independent loci. At the International Rice Research Institute, The Philippines, researchers have been successful in obtaining marker-free transgenic Bt rice through the identification of segregants lacking the marker gene locus. This segregated from the locus containing the Bt gene ).
• The overall three dimensional organization of transgenic loci must be considered at the chromatin level. In this respect, transgenic loci that appear to lie far apart when metaphase chromosomes are stained using the FISH technique may in fact be very close together in space when the same technique is applied to interphase chromatin (Abranches et al. 2000) .
All the transgenic rice lines described above were also studied in terms of transgene expression. As stated above, many plants with higher copy numbers showed higher expression levels at least until the R 3 generation, when the analysis ceased (Kohli et al. 1999a ). Many of the poor-expressers with high copy numbers showed deleterious rearrangements, which could give rise to aberrant RNA molecules responsible for post-transcriptional silencing. As long as intact transgene integration occurred, the copy number was not critical for a variety of genes expressed in different genotypes of rice, ryegrass, fescue, rye and wheat Altpeter et al. , 2004a Gahakwa et al. 2000; Varshney and Altpeter 2001; Popelka and Altpeter 2003b ). The same trend was shown for transgenic potato, where expression of the gusA reporter gene varied, but with no respect to the copy number or the number of integration sites (Romano et al. 2003a, b) . In a practical sense, what emerges from these studies is that particle bombardment can be used to produce plants either with low copy numbers or high copy numbers, and plants containing either single transgene copies or concatemers. This unique versatility means that the advantages of single copy or multi-copy transgenes and of single loci or multiple segregating loci can be exploited for different purposes.
High molecular weight DNA delivery into plant cells
Until recently, one serious limitation to plant transformation technology was the inability to introduce large intact DNA constructs into the plant genome. Such large constructs could incorporate multiple transgenes, or could comprise a segment of genomic DNA to facilitate the map-based cloning of plant genes. In Agrobacterium-mediated transformation, this limitation has been addressed by the development of BIBAC and TAC vectors (Shibata and Liu 2000) . The transfer of YAC DNA by particle bombardment was first demonstrated by Vaneck et al. (1995) using cell suspensions of two tomato cultivars. Only one of the cultivars yielded YAC transformants, and initial studies suggested that the integrated YAC was 'fairly intact' in four of the five transformants recovered, based on the presence of two marker genes. The use of YACs retrofitted with two plant selectable markers, such as nptII and hpt, provides a quick and reliable method to verify the presence of both YAC arms in transgenic tissues (Adam et al. 1997) . The transfer of YACs to tobacco cell suspension cultures by particle bombardment was verified in this manner, by testing for simultaneous resistance to kanamycin and hygromycin. YACs ranging in size from 80 to 550 kb were tested (Mullen et al. 1998) . Twelve kanamycin-resistant calli were recovered from cell suspensions transformed with the 80-kb YAC. Ten of these were hygromycin-sensitive and contained only a short portion of the nptII-retrofitted YAC arm in addition to the marker. The two remaining calli were hygromycin resistant. These were tested with probes spanning the 55-kb genomic insert of the YAC and one was found to have incorporated an intact single copy of the construct. Eight of 29 kanamycin-resistant transformants recovered from cell suspensions bombarded with a 150-kb YAC were also found to be hygromycin resistant. Particle bombardment is therefore a relatively efficient procedure for generating high-molecularweight-DNA transformants, although it would be useful to compare data from a larger number of species. For example, in potato cv. Desiree, very high transformation frequencies were obtained using a small (6.7-kb) plasmid, but it was difficult to obtain stable transformants using larger plasmids (15-16 kb) containing the same selectable marker, although the latter was efficient for Agrobacterium-mediated transformation.
Structural and functional genomics
Particle bombardment has featured strongly in the burgeoning field of cereal functional genomics, specifically through the development of transposon-tagged plant lines for the systematic functional characterization of plant genes. For example, Kohli et al. (2001 Kohli et al. ( , 2004 have produced a large population of transgenic rice plants tagged with the maize Ac transposon. They found that this population was suitable for saturation mutagenesis and the rapid PCR-based cloning of interrupted genes using unique barcode elements present in the DNA cassette used for transformation (Kohli et al. 2001) . Callus induced from specific transposon-tagged rice plants was maintained in a dedifferentiated state prior to regeneration into clonal transgenic lines, prolonging the developmental phase characterized by hypomethylation of genomic DNA. This resulted in a dramatic increased frequency of secondary transposition events compared to seed-derived plants, thus increasing the rate of genome saturation ).
Particle bombardment is the most convenient way to achieve organelle transformation Thus far, most genetically engineered plants have been subject to nuclear transformation. An alternative approach is to introduce transgenes into the chloroplast genome. This strategy offers advantages such as very high levels of transgene expression, uniparental plastid gene inheritance in most crop plants (preventing pollen transmission of transgenes), the absence of gene silencing and position effects, integration via a homologous recombination process that facilitates targeted transgene insertion, elimination of vector sequences, precise transgene control, and sequestration of foreign proteins in the organelle, which prevents adverse interactions within the cytoplasmic environment (Hager and Bock 2000; Bock 2001; Daniell 2002; Daniell et al. , 2004a Daniell and Dhingra 2002; Devine and Daniell 2004; Maliga 2004) . Plastid transformation has been used to investigate chloroplast gene functions by reverse genetics (e.g. Ruf et al. 1997; Hager et al. 1999 ), but perhaps the most significant advances have been made in the production of chloroplast-transformed crop plants for trait modification and molecular farming. Transplastomic plants have been generated successfully to confer increased pest resistance (McBride et al. 1995; Kota et al. 1999; DeCosa et al. 2001) , herbicide resistance (Daniell et al. 1998) , disease resistance (De Gray et al. 2001) , drought tolerance ) and salt tolerance , and have also been used for phytoremediation (Ruiz et al. 2003) and metabolic engineering (Vitanen et al. 2004) . Table 2 provides a list of all agronomic traits thus far engineered via the plastid genome using particle bombardment. The plastid genetic engineering approach has also been used for the expression of edible vaccines (Daniell et al. 2001a ), monoclonal antibodies (Daniell 2004) and biopharmaceuticals (Daniell 1997; Guda et al. 2000; Staub et al. 2000; Fernandez-San Millan et al. 2003; Daniell et al. 2004a-c; Watson et al. 2004) . Table 3 lists all the vaccines and biopharmaceuticals expressed thus far via the plastid genome using particle bombardment. Several direct DNA transfer methods for transforming plastids have been developed, including particle bombardment (Svab et al. 1990; Svab and Maliga 1993) and PEG-mediated DNA uptake into protoplasts (Golds et al. 1993; O'Neill et al. 1993) . The former method is favored because it is quicker, easier and more versatile (an efficient protoplast culture system is not required) and detailed methodologies for chloroplast genetic engineering using particle bombardment have been described (Bock 1998; Daniell 1997; Daniell et al. 2004d; Kumar and Daniell 2004) . It is now possible to transform the chloroplast genome and then eliminate selectable marker genes after transgene integration (Iamtham and Day 2000; Corneille et al. 2001; Hajdukiewicz et al. 2001; Klaus et al. 2004 ). Furthermore, plastid mutations conferring tolerance to antibiotics through alterations in ribosome structure can be used as an alternative to bacterial antibiotic resistance genes for the selection of plastid transformants (Kavanagh et al. 1994; Dix and Kavanagh 1995) , although such mutations have been used mostly in conjunction with protoplast transformation rather than particle bombardment (O'Neill et al. 1993; Kavanagh et al. 1999) .
The first successful plastid transformation by particle bombardment was achieved over 15 years ago, when Boynton et al. (1988) reported the complementation of a chloroplast mutant in the green alga Chlamydomonas reinhardtii. The single large chloroplast in these cells provided an ideal target for DNA delivery. The mutant algae carried a deletion in the atpB gene, and thus lacked chloroplast ATP synthase activity. The wild type atpB gene was introduced into cultured algal cells using tungsten microprojectiles, restoring photoautotrophic growth. The transgene resided within a chloroplast homology region, and integrated via homologous recombination. Later, the same technique was used to introduce a foreign marker gene, gusA. However, while transcription of the integrated transgene was demonstrated, the protein could not be detected (Blowers et al. 1989) . At this time, it was impossible to introduce foreign DNA into higher plant chloroplasts without first isolating them from the cell (Daniell and McFadden 1987) . The first report of foreign gene expression in the plastids of cultured tobacco cells involved the use of autonomously replicating chloroplast vectors (Daniell et al. 1990 ). This work was repeated using wheat leaves, callus and somatic embryos (Daniell et al. 1991) . A mutant tobacco 16S rRNA gene was used for stable complementation in these experiments (Svab et al. 1990 ) but continuing work with C. reinhardtii chloroplast transformation led to the development of the aadA gene as a selectable marker conferring spectinomycin or streptomycin resistance (Goldschmidt-Clermont 1991) . The majority of chloroplast transformation experiments in higher plants now involve this selectable marker. Stable integration of aadA into the tobacco chloroplast genome was demonstrated by Svab and Maliga (1993) .
Among crop plants, tobacco, tomato (Ruf et al. 2001 ) and potato (Sidorov et al. 1999 ; Nguyen unpublished data) chloroplasts have been transformed, as well as three Brassicacea speciesBrassica napus (oilseed rape; Hou et al. 2003) , B. oleracea var. Botrytis (cauliflower; Gregory Nugent unpublished data) and Lesquerella fendleri (Skarjinskaia et al. 2003) . However, in B. napus, it has so far been impossible to achieve homoplasmy (which is required to confirm stable integration) and maternal inheritance (to confirm transmission of the transgene to subsequent generations). Most recently, soybean plastid transformation has been achieved (Dufourmantel et al. 2004 ). The major limitations in transforming the chloroplasts of other crop species, especially monocots, include a poor understanding of gene expression in nongreen plastids, gene delivery methods for proplastids and tissue culture conditions. So far, chloroplast transformation by particle bombardment has been achieved only in crops that allow direct organogenesis. A consequence of the use of dominant selectable markers is that non-transformed plastome copies present in the same plastid or cell are not readily eliminated. This means that two or more regeneration and selection cycles are frequently required to establish homoplasmy, although this is not always the case (Guda et al. 2000; Nguyen unpublished data) . The ability to achieve homoplasmy in the absence of a second round of regeneration, especially in crops that regenerate via embryogenesis is yet another challenge for chloroplast genetic engineering (Khan and Maliga 1999) . However, these hurdles have recently been overcome. Efficient plastid transformation using non-green tissues has been accomplished in carrot where chloroplast transgenic lines were generated via somatic embryogenesis from tissues containing proplastids ). Transgene expression under the control of heterologous regulatory sequences was achieved at a frequency of approximately 75% in non-green carrot tissues containing chromoplasts (i.e. the taproot, which grows underground) and 48% in proplastids of cultured cells, compared to 100% in leaf chloroplasts . Betaine aldehyde dehyrogenase (BADH) enzyme activity was enhanced eightfold in transgenic carrot cell cultures, which grew sevenfold more quickly and accumulated 50-54-fold more betaine (93-101 lmol g À1 DW of b-alanine betaine and glycine betaine) than untransformed cells grown in liquid medium containing 100 mM NaCl. Transgenic carrot plants expressing BADH grew in the presence of high concentrations of NaCl (up to 400 mM), the highest level of salt tolerance reported so far among genetically modified crop plants. This demonstration of plastid transformation via somatic embryogenesis, utilizing nongreen tissues as the recipient of foreign DNA, for the first time overcomes two of the major obstacles in extending this technology to important crop plants. Similarly, by employing the 'double gene single selection (DGSS)' plastid transformation vector, which contains two selectable marker genes (aphA6 and nptII) driven by green and non-green regulatory signals to detoxify the same antibiotic using two enzymes, cotton plastid transformation was achieved irrespective of the type of tissues or plastids used (Kumar et al. 2004a ). The DGSS transformation vector was at least eight-fold more efficient (one event per 2.4 bombarded plates) than the 'single gene single selection (SGSS)' vector containing the aphA6 gene. The chloroplast transgenic lines were fertile, and they flowered and set seeds in a similar manner to non-transformed plants. The transgenes were stably integrated into the cotton chloroplast genome and were maternally inherited. They were not transmitted via pollen when out-crossed to non-transformed female plants (Kumar et al. 2004a ).
Particle bombardment is currently the only way to transform mitochondrial genomes. Mitochondrial transformation was first achieved in yeast (Johnston et al. 1988) where it has become a routine technique (e.g. Fox et al. 1988; Anziano and Butow 1991; Steele et al. 1996; Sanchirico et al. 1998) . At present, the green alga Chlamydomonas reinhardtii is the only plant whose mitochondrial genome is amenable to genetic manipulation (Randolph-Anderson et al. 1993) . Strenuous efforts are being made to develop mitochondrial transformation protocols for higher plants and, for the foreseeable future, particle bombardment will certainly continue to be the dominant technique for organelle transformation (Havey et al. 2002) .
Field evaluation of transgenic plants developed by particle bombardment Transgenic plants generated by particle bombardment have not been restricted to the laboratory or greenhouse. Several publications over the last few years have documented the successful field evaluation of such transgenic crops, including herbicideresistant soybean, insect-resistant corn and cotton, fungus-resistant wheat, and rice resistant to bacterial blight and lepidopteran insect pests. As an example, we describe here the successful deployment of transgenic rice lines, created by particle bombardment at IRRI, carrying the Xa21 gene for bacterial blight resistance and the Bt cry1Ab-cry1Ac fusion gene for resistance to lepidopteran insects. The Bt line has been field-tested both in China (Tu et al. 2000a, b; Ye et al. 2001 ) and in India . Transgenic cultivar IR72, containing the Bt fusion gene, showed excellent resistance against four insect pests (yellow stem borer, stripped stem borer, pink stem borer and leaf-folder) under field conditions following both manual and natural infestations (Ye et al. 2001) . The Bt hybrid rice also has a yield advantage of about 30% over the non-transgenic hybrid (Tu et al. 2000b) . Multiple transgene copies and rearrangement within the transgenic locus did not affect the phenotype or yield of the plants. This Bt-hybrid rice does not contain any antibiotic resistance markers and is scheduled for field release in China in the near future. Several other transgenic rice lines, generated by particle bombardment and developed for biotic or abiotic stress tolerance or for nutritional improvement (e.g. elevated levels of provitamin A and iron) are already at the advanced regulatory phase for field evaluation.
Concluding comments
Particle bombardment remains a uniquely advantageous transformation method, and indeed the only one available for many species. The absence of biological constraints (host-range, genotype dependence) and the ability to target any cell type, even in intact organized tissues, means that the method is uniquely versatile. Therefore, in some crops, elite commercial varieties are amenable to transformation without extensive backcrossing, which is normally required in other transformation systems to introgress genes from amenable model varieties into elite cultivars. The ability to target organized tissues reduces or eliminates the requirement for tissue culture, and therefore limits the occurrence of somaclonal variation, which can lead to infertility and morphological abnormalities in transgenic plants. Although there is widespread belief that particle bombardment generates large, multi-copy loci prone to instability and silencing, refinements of the technology to produce clean transgene loci have demonstrated clearly that this is not the case, and that particle bombardment has many advantages for the production of commercial transgenic plants that perform well in the field and comply with all relevant regulatory processes. We conclude that particle bombardment is likely to continue to play an important role in plant biology and crop biotechnology for many years into the future.
